Abstract. The main highlights of TerraSAR-X (TS-X) synthetic aperture radar (SAR) imagery are a higher resolution of up to 1 m, when compared to conventional C-band SAR data, and a reduction of nonlinear imaging effects of a moving target by lower platform altitude. Thus, ocean waves with wavelength <30 m are detectable. This makes TS-X particularly useful to observe coastal areas where complex bathymetry strongly impacts the approaching waves. TS-X images acquired in different coastal areas are presented, including three case studies at the German coast. Wave fields (significant wave height and peak wavelength) are derived from the TS-X imagery using the proposed XWAVE algorithm and compared not only to in situ buoy wave measurements but also to results of a high-resolution numerical wave model. The objective is to study the quality of significant wave height field estimation in the spatial domain in highly variable conditions, which are typically dominant in coastal areas. The results show that the empirical XWAVE algorithm allows estimating wave fields from TS-X data with high resolution, thus showing the spatial information on wave variations. Therefore, it is a new useful tool to characterize sea state in coastal areas by remote sensing. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
In the open ocean, in deep waters, and during nonstorm conditions, wave properties do not change significantly (e.g., significant wave height and wave period remain the same) in the order of several kilometers. In coastal areas, however, the wave properties change considerably, influenced by the underlying bathymetry. Waves in coastal waters normally experience effects such as shoaling, refraction, and diffraction. Additionally, ocean waves are often affected by currents and by crossing over other wave systems, nonlinear wave-wave interaction, and also depth-induced wave breaking.
It is a fact that it is not possible to measure with a buoy (ocean wave's measurement device) the variation of the sea state in the spatial domain. The buoy only provides information regarding sea state at its exact location. To measure variability of the sea state in high variable areas like coastal areas, an array of ocean waves measuring buoys can be used, although this method has limitations. More preferably, coastal wave numerical models are used.
In order for numerical wave models to predict accurately the wave field (e.g., significant wave height or peak wavelength) in coastal ocean areas, it needs not only correct input of wave and wind information for the model mesh boundary, but also an up-to-date fine meshed bathymetry (underwater topography).
In complex coastal areas, the bathymetry needs to have resolution in the order of a few hundred meters or less. Achieving this goal is not straightforward.
Normally bathymetry is obtained by field campaigns using methods (e.g., ships, probes, etc.) that are costly. In addition, the underwater terrain of some coastal areas is not really solid, and the topography changes in time through erosion and sediment (e.g., mud, sand). Another method to obtain information regarding the sea state or wave field is by analyzing synthetic aperture radar (SAR) data. SAR data have been known since the first SAR missions to be able to provide ocean wave information to some extent. 1, 2 Different algorithms were developed to derive sea-state information (e.g., significant wave height: H s ) from SAR data. [2] [3] [4] [5] [6] [7] [8] [9] The algorithms were mostly developed and used to provide information about ocean waves on a global scale from SAR data acquired over open ocean.
The TerraSAR-X (TS-X) satellite provides high-resolution (up to 1 m) SAR images of the ocean surface, spatial resolution which was not available with the previous conventional C-band satellites, e.g., ERS and ENVISAT missions. This makes TS-X data especially suitable for coastal surface wave field observation, especially to observe the considerably changing seastate properties.
Recently, some first studies using TS-X data for coastal applications were done focusing on wind, waves, wave refraction, and underwater topography estimation. [10] [11] [12] [13] However, these studies did not focus on significant wave height or the rapid change of seastate properties in a higher-resolution scale (<2.5 km), which is the purpose of this paper.
An algorithm to derive significant wave height from TS-X data (XWAVE) is developed. 14 The algorithm is tuned and validated using in situ buoy wave measurements in deep water collocated with TS-X data. Validation with in situ wave measurement resulted in a good performance, with a correlation R of 93% and a scatter index of 0.22. The algorithm achieved performance was accomplished when using TS-X data acquired under specific sea state conditions and limited data-set. Focusing on the conditions of the acquired TS-X data, those were the following: the data needs to be free of any nonwind generated ocean waves phenomena's artifacts, as internal waves, atmospherics disturbances, oil slicks, ships, off shore structures, etc. The limits for the significant wave heights analyzed in the data for the tuning/validation are between 1 m and 7.2 m, the limits of the sea surface wind speeds conditions are above 3.5 m/s and below 16 m/s. Additionally the sea type analyzed are mixed conditions of swell and wind sea which are typical for open ocean sea waters. Conditions outside these limits could be outside the expected performance that is why the algorithm tested in coastal areas, is a good challenge to assert the stability of the algorithm.
The new algorithm is an updated version of the algorithm in Ref. 15 with several differences, with the inclusion of the wind information (sea surface wind speed at 10 m height) of the analyzed subscene being one of the most important variations, It is obtained by using the XMOD algorithm. 16 In this paper, we show an application using TS-X imagery to derive meteo-marine information from coastal areas, exploiting the advantage of the high-resolution TS-X SAR, allowing measurement of the variability of significant wave height and wavelength present in coastal areas. We show three case studies of TS-X imagery acquired over coastal areas and derive the significant wave height fields. The results are compared to in situ measurements or global/coastal model results. Additionally, we produce the corresponding peak wavelength fields for each subscene analyzed.
Data
The TS-X multilook ground range detected (MGD) Stripmap SAR product is used in our study. It covers usually an area of about 30 × 50 km and has an average pixel spacing of 1.25 m, an azimuth resolution of 3 m, and a range resolution between 1.7 and 3.5 m depending on the incidence angle of the acquisition. The radiometric accuracy is of about 0.6 dB. 17 More information regarding this data can be found in Ref. 18 .
Wave numerical model data provided by the German Weather Center (DWD) are used in this paper, which are used to verify the results together with the in situ data. The wave numerical model used is a third-generation wave model, WAM. 19 The data provided by the DWD were significant wave height, swell height, and wind sea height and respective peak directions, and additional wind information. The data have a spatial resolution of 0.75 deg and the model time output is every 3 h.
Data from the wave spectral model k-model are also used. The k-model is a third-generation wave prediction model, based on the action balance equation, designed especially for coastal areas developed at the Helmholtz-Zentrum Geesthacht. More information and applications of this model can be found in Ref. 20 . For our case studies, the wave model was set to run using an input with a grid size the same as the input bathymetry which is 1 nautical mile spatial resolution.
In situ buoy wave measurements are provided by the North West European Shelf Operational Oceanographic System through the site http://www.noos.cc/.
3 Algorithm to Derive Sea-State Information from TS-X Data: XWAVE In this paper we apply the XWAVE algorithm, which was introduced in Ref. 14, to derive seastate information from TS-X data.
The XWAVE algorithm is a two-step function, Eqs. (1) and (2), with a simple buffer region between the two functions Eq. (3) where Eqs. 1, 2, 3 are used according to the range of wave heights of the ocean area where the TS-X data are acquired. A more detailed explanation follows:
To know previously which is the range of the significant wave heights of the ocean area where TS-X data are acquired in order to know which formula to use, a parameter derived from the analysis of the TS-X data is used for this purpose, the azimuth cut-off wavelength.
The method used to derive the azimuth cut-off wavelength is, in simple terms, based on the spectral analysis of the two-dimensional (2-D) spectrum, where the width of the range band observed on the 2-D spectrum is proportional within a certain degree to significant wave height and sea surface wind speed. The azimuth cut-off wavelength was found in previous studies to be dependent on wave height (as well as wind). 21 As the sea surface wind speed is known by using the XMOD algorithm, this improves the accuracy of predicting the range of wave heights of the ocean area where the TS-X data is acquired by following an empirical formula of type
, where λ cut is the cut-off wavelength, R and V is the satellite altitude and velocity respectively, H s is significant wave height and U the wind speed, as given in Ref. 21 .
If the predicted significant wave height (predicted by the azimuth cut-off wavelength) is below 3.5 m, Eq. (1) is used and if above 4.5 m, Eq. (2) is used, and to provide a certain degree of safety, a buffer zone of the correlated azimuth cut-off predicted significant wave heights between 3.5 and 4.5 m is used [Eq. (3)], where a simple combination of Eqs. (1) and (2) is used. The XWAVE function can then be defined as follows:
For significant wave heights predicted to be below 3.5 m,
For significant wave heights predicted to be above 4.5 m,
For significant wave heights predicted to be between 3.5 and 4.5 m,
The parameter E ¼ ∫
0 Pðk; θÞdkdθ is the integrated energy of the derived wave number spectrum with corresponding wavelength limits k min ¼ ð2∕L min Þ; L min ¼ 30 m, and k max ¼ ð2∕L max Þ; L max ¼ 600 m, obtained by Fourier analysis on the TS-X data. The box size of the analysis varies; for coastal applications, the box size is 1024 pixel using a spatial averaged Strimap image by a factor of 2, which gives a box length of about 2.6 km.
The parameter θ is the incidence angle v, is a unitary coefficient with unit (s), and U 10 is the sea surface wind speed at 10 m height obtained by the XMOD algorithm. 16 And α, as described earlier, is the peak wave direction related to the satellite flight path (azimuth direction) (0 deg ≤ α ≤ 90 deg). The cosine function correction depending on α is only applied for values above 40 deg. The coefficients a 0 to a 6 are tuning parameters, which are found after fitting the TS-X derived parameters E, α, and θ with significant wave height given by the in situ buoy wave measurements using the least squares method.
Coastal Wave Fields Extraction
In coastal areas sea-state properties usually change rapidly in the spatial domain due to the underlying bathymetry. Increased complexity of the sea floor leads to even higher spatial variability of sea-state properties.
Measurement of the highly variable sea-state properties of coastal areas can be difficult; buoys can only estimate the sea properties of the exact location where they are located.
Wave fields derived by coastal numerical wave models seem at first glance to be a suitable choice for coastal ocean area analysis and validation of results, when calculated using as input ideal conditions-a proper fine up-to-date fine meshed bathymetry-and as boundary initial proper wave and wind conditions. For quality estimation, aside the performance of the model itself, up-to-date fine resolution bathymetry is needed together with initial boundary conditions: sea-state parameters or spectra, wind fields, wave current field, etc. And of course, all the input information needs to be accurate. For the wave and wind conditions at the boundary normally taken from global scale wave models, some inaccurate results can occur, especially in storm situations where models have more difficulty in predicting accurately the correct significant wave height or the time at which the storm occurs.
For the case of the bathymetry input, for some areas, the bathymetry available can be outdated and not representative of the real bathymetry, or in some locations the bathymetry is rapidly changing in time and becomes outdated and unsuitable very fast because the ground floor is sand or mud and therefore is easily affected by transport and erosion. For this reason modeling is not a straightforward task.
In our study we choose a complex coastal area in the North Sea as our test site for coastal wave field extraction from TS-X data using the XWAVE algorithm and test how it would perform in coastal waters. The location chosen was the North Sea near the Elbe estuary on the coast of Germany.
The North Sea area is a shallow water depth ocean area, with a few hundred meters depth maximum, in comparison to the open ocean as for example the Atlantic, Pacific, or Indian, where water depth is of a few kilometers. In Fig. 1 we can observe the underlying bathymetry of the North Sea area near the coast of Germany and its complexity in the coastal areas.
TS-X SAR imagery over the ocean is acquired regularly, especially near and over the coast of Germany, e.g., over Helgoland island, Elbe estuary, Sylt, and Cuxhaven. At some locations in the North Sea, buoy wave measurement devices are available. Figure 2 shows an overview of the North Sea area near the coast of Germany and the wave measuring buoys located in that area. The buoy near the Elbe estuary (referred as Buoy Elbe) is used in our paper for comparison of results.
We present two cases studies (Secs. 4.1 and 4.2) where the derived significant wave height and peak wavelength wave field are compared to in situ wave measurements and one case study (Sec. 4.3) where the derived wave height is compared to numerical wave model results.
The first two case studies are taken at different times in nearly the same location west from the Elbe estuary and are compared to in situ buoy measurements and numerical wave model results provided by the DWD. The first case presents a high sea-state situation and the second one a moderate sea-state situation. The third case is located in the Elbe estuary during moderate sea-state conditions. higher-resolution coastal model (k-model).
The third case was chosen to be verified by wave model results because it is the most complex coastal area of all the test cases. The variation of the sea-state conditions will be strongly present in this area in any wave conditions.
Case Study 1: High Sea State
The first case study is the analysis of TS-X Stripmap VV polarized image acquired under high sea-state conditions between the Helgoland island and the Elbe estuary on December 9, 2011, at 5:42 UTC (see Fig. 3 ). The TS-X acquisition is collocated with a buoy (Buoy Elbe) (54.02°N, 8.11°E) visible in the middle of the image (see Fig. 2 ). The measured buoy significant wave height is of 5.7 m at 6:02 UTC and the derived significant wave height from the TS-X data for the same location gives a slight overestimation, 6.0 m. The derived wave peak period from the TS-X data using the deep water relationship is 11.6 s against 11.1 s given by the buoy.
The comparison of the sea-state parameters given by the buoy and the ones derived from the TS-X subscene acquired over the position of the buoy are shown in Table 1 . Additionally, the sea-state parameters for the nearest grid point to the buoy location (54°N, 8.2°E ) of the DWD wave model results are given. The significant wave height given by the wave model for that location is 4.1 m.
The underwater topography of the area imaged by TS-X is shown in Fig. 4 (red box) . The water depth varies between values of ∼40 and <5 m in the bottom part of the TS-X acquisition. It is expected high variation on ocean wave heights due to the complex under water topography, varying from higher values of wave heights in deeper locations to lower values in shallow water locations. The exception will be in the ocean area shadowed by the Helgoland island (Fig. 5) .
To give us further insight for the meteo-marine conditions during the TS-X acquisition we use the wave model results provided by the DWD. The wave height field (0.75 deg × 0.75 deg spatial resolution) results by the wave model at DWD for the North Sea area are given (see Table 1 Summary of the sea-state parameters derived from the TS-X data acquired over the buoy location ( Fig. 3 ) (TS-X Stripmap VV pol. image acquired on December 9, 2011. at 5:42 UTC), compared to in situ buoy wave measurements and the results from the wave model running at DWD for the nearest grid point from buoy location at coordinates 54.0N 8.2E. Fig. 4 Underlying bathymetry for the same area shown in Figure 4 . The red box corresponds to the area of the TS-X acquisition.
Figs. 6 and 7). The neighboring grid points to the nearest DWD grid buoy location in the west (54.0°N, 7.5°E), the north (54.8°N, 8.2°E), and the northwest (54.8°N, 7.5°E) indicate significant wave heights of 5.4, 2.2, and 6.3 m, respectively. We can also determine from the DWD wave model data that the east propagating wave field is mainly wind-sea driven. This case shows that although wind speed is an important contribution in the algorithm, the derived integrated energy related to the modulation of the sea surface is more important, and although wind speed is constantly high over the analyzed area, the derived significant wave height has a variation from lower values of 2 to 6 m as it is shown in Fig. 9 .
In this case study we can further observe the shadow effect provoked by the Helgoland island shown in Fig. 5 . In Fig. 9 is visible the drop of derived significant wave height and peak wavelength values for the location where the shadow effect is present.
In the area acquired by the TS-X, which is about 32 km by 46 km, the derived significant wave height varies between 6.8 down to 2.2 m. For this case of high sea state and high sea surface variability, we additionally analyzed four small subscenes (2.6 km × 2.6 km) taken at different locations of the TS-X acquisition (see Fig. 9 ). The analyses of the four subscenes are shown in Fig. 10 .
Case (a) is located in an open sea area in the upper part of the TS-X acquisition and has a derived significant wave height of 5.1 m and a wave peak wavelength of 165 m. Only one wave system is detected in the 2-D derived spectrum from the subscene.
Subscene (b) is located in the area where the wave fields reunite after being diffracted round the Helgoland island. The case is a cross-sea situation where the two wave systems with different directions can be visualized in the derived 2-D spectrum. The significant wave height for this case is 3.6 m and the wave peak wavelength is 139 m. Subscene (c) is located at the position of the buoy. Only one wave system is detected in the 2-D spectrum derived from the subscene. The significant wave height for this case is 6.0 m, as referred to previously. Table 1 gives additional information for this case.
Case (d) is located near shallower waters in the bottom part of the TS-X acquisition near the coast, where sea surface signatures can be seen in the SAR image caused by the underlying bathymetry. The derived significant wave height for this case is 4.4 m. The wave peak wavelength for this case is the lowest of all the cases with 134 m. Two wave systems are detected in the 2-D spectrum with similar wave direction but different wavelengths, as we can observe in the subscene, some ocean waves located in the bottom have shorter wavelengths. Fig. 9 Significant wave height field (a) and wave peak wavelength field (b) derived from TS-X Stripmap image VV pol. acquired on December 9, 2011, at 5:42 UTC using a 2.6 km × 2.6 km box. The red boxes and black circle (location of the buoy) are the cases presented in Fig. 10 . . 6 ).
Case Study 2: Moderate Sea State
The second case presented in this paper is the analysis of the TS-X Stripmap VV polarized image acquired during moderate sea-state conditions on February 22, 2012, at 17:01 UTC nearly in the same location of the first case study. The buoy is located in the west edge of the TS-X data image (see Fig. 11 ). The underlying bathymetry is shown in Fig. 12 .
The wave model data provided by the DWD for the North Sea area for the closest time of the TS-X acquisition are shown in Figs. 13 and 14 . The data show that the wave field propagating near the TS-X acquisition for the nearest grid point has a significant wave height of 2.3 m and is mainly wind-sea driven. With a wind-sea wave height of 2.0 m, the wind speed used in the wave model is 14 m/s for the nearest grid point. Wave propagation is to the northeast, which suggests that the wave field is generated by local winds as the mainland is in the south.
The subscene analyzed at the buoy location and the derived 2-D spectrum from the subscene can be seen in Fig. 15 . The sea-state parameters derived from the TS-X data, the buoy location, and the ones given by the buoy are given in Table 2 . Fig. 12 Underlying bathymetry for the same area in Fig. 11 . The red box corresponds to the area of the TS-X acquisition. The derived significant wave height at the buoy location is 1.9 m, which is the same value of wave height given by the buoy. The derived wave peak period from the TS-X data is 7.8 s and the wave peak period measured by the buoy is slightly higher, 8.3 s.
In Fig. 16 , the derived wind fields using the XMOD algorithm on TS-X data are shown. In Fig. 17(a) , the derived significant wave height field and the corresponding wave peak wavelength field from the TS-X data are shown. The values of derived significant wave height vary from values of 2.2 m in the area north from the buoy, down to values of height of 0.3 m in the shallower areas.
Values of 2.2 m are more in agreement with the DWD wave model results. For this case under moderate sea-state conditions, it was possible to measure a variability of almost 2 m.
In Fig. 17(b) , the corresponding wave peak wavelength is shown. It follows in general the same variability tendency of the significant wave height wave field with shorter wavelengths derived where wave height is lower. Table 2 Summary of the sea-state parameters derived from the TS-X data acquired over the buoy location (Fig. 11) 
Case Study 3: Coastal Wave Model Comparison
The third case study is the analysis of the TS-X Stripmap HH polarization acquired over the Elbe estuary North Germany, on November 21, 2008, at 17:01 UTC (Fig. 18) . The underlying bathymetry for the same area is shown in Fig. 19 . The water depth for the area acquired by the TS-X varies from 0 to ∼15 m. The Elbe estuary, as stated previously, is a very complex coastal area; it has a high number of sand banks that are constantly changing due to tides and currents, which leads to the fact that the bathymetry in this area is rapidly changing over time.
The low values of water depth in the area of the TS-X acquisition greatly enhance the importance of the complexity of the underlying bathymetry. Any change in the bathymetry will have a strong effect on the ocean waves.
The TS-X data in this case are acquired under moderate sea-state conditions with a significant wave height provided by the wave model from DWD of 2.4 m for the nearest grid point of the TS-X acquisition (54N 8.25E ).
The wave model results are shown in Figs. 20 and 21 . The wave model data show that this case is also mainly wind-sea driven. The wind-sea component is 2.2 m against 0.9 m for the swell wave component.
The wind speed values given by the DWD model for the North Sea area vary between 13 m∕s (in the nearest grid point location to the TS-X acquisition) and 17 m∕s in the northwest grid point (Fig. 21) .
Applying the XMOD algorithm to the TS-X data, it is possible to observe the variability of sea surface wind speed (Fig. 22) . The highest values of wind speed are of about 14 m∕s in the brighter area (left side of the image) and about 5 m∕s in the darkest area of the image (right side of the image). The wind field extraction and the variability observed are important as we recall the derived sea surface wind speed by the XMOD is used as input in the XWAVE algorithm.
The significant wave height field derived from the TS-X data is for this case study obtained by shifting the analysis box by 1.3 km. The TS-X wave analysis box resolution is a 1024 pixel box with a spatial averaged subscene by a factor of 2, which corresponds to an area of ∼2.5 km. The wave model (k-model), as it was previously described in Sec. 2, is set to run with 1 nautical mile resolution (∼1.9 km).
The comparison with a numerical coastal model with fine resolution and up-to-date bathymetry is valued to assess the stability of the significant wave height estimation over all the wave field. The sea state and wind input information for the boundary conditions for the K-model are given by the DWD wave model data.
Significant wave height in the derived TS-X wave field [ Fig. 23(a) ] and the significant wave height results from the numerical model (Fig. 24) follow the same trend of significant wave height values though the analyzed area, with derived significant wave height values of 2.2 m against 2.0 m given by the wave model and down to derived values of 0.5 m against values of 0.3 m given by model for the same locations. The corresponding wave peak wavelength field of the derived significant wave height wave field is given in Fig. 23(b) .
We can observe the change in wave peak wavelength from longer waves in deeper locations to shorter wavelengths in shallower locations. Again in this case, although the wind variation in the area analyzed is high, there is a balance between the derived spectral parameter E and the derived wind speed, in the XWAVE algorithm which provides a stable derived significant wave height as it is confirmed by the numerical wave models results.
Conclusions
TS-X Stripmap imagery acquired in coastal areas is analyzed using the XWAVE algorithm; significant wave height fields with high resolution including the spatial information on wave variations were derived. The respective wave peak wavelength field is derived additionally by Fourier analysis of the TS-X data.
In general, the results look promising. Three case studies were analyzed under different seastate conditions. In the first case study, the TS-X image is acquired under high sea state. The case shows high sea-state variability in the spatial domain, with derived significant wave height changing from 2.0 up to 6.0 m within a distance of <30 km. The significant wave height derived at the location of the buoy is 6 against 5.7 m given by buoy.
In the second case, under moderate sea state, the significant wave heights derived from TS-X data and the one given by the buoy are the same with the value of 1.9 m.
In the third case study, the derived wave field is compared to numerical wave model results. Significant wave height fields derived from TS-X data and calculated by the coastal model follow the same variation tendency of values over the field, with higher values of significant wave height in deeper locations and lower values of significant wave height in shallower waters.
In conclusion, significant wave height derived from coastal TS-X imagery using the XWAVE algorithm shows good agreement with in situ buoy wave measurements and numerical wave model results. The results derived for the case studies analyzed provide values of significant wave height within the range level of the performance which was achieved during the validation and tuning procedure using deep water buoys, but further testing in a larger scale is needed. Nevertheless it is shown here that wave fields derived from TS-X SAR imagery using the XWAVE algorithm can be a useful tool in the analysis of coastal ocean areas and that the derived information from the data is suitable to characterize the spatial domain in highly variable seastate conditions. 
Outlook
Further testing using data acquired in coastal areas and different types of wave climates need to be performed to assert the performance of the algorithm in more wave conditions. Coastal wave fields derived from TS-X SAR imagery will continually be compared for different wave and wind conditions with fine meshed numerical wave model results and with in situ buoy wave measurements. A more detailed study needs to be done on the information extracted as to how the wind-sea and swell and the wind contribution influences the algorithm in high variable wave conditions found in coastal areas.
